A double-helix electrode configuration is combined with a 10 B powder coating technique to build large-area (9 in × 36 in) neutron detectors. The neutron detection efficiency for each of the four prototypes is comparable to a single 2-bar 3 He drift tube of the same length (36 in). One unit has been operational continuously for 18 months and the change of efficiency is less than 1%. An analytic model for pulse heigh spectra is described and the predicted mean film thickness agrees with the experiment to within 30%. Further detector optimization is possible through film texture, power size, moderator box and gas. The estimated production cost per unit is less than 3k US$ and the technology is thus suitable for deployment in large numbers.
Introduction
Neutron detectors are basic tools for nuclear science, technology, and applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Helium-3 ( 3 He) based neutron detectors have been the preferred choices for neutron counting since 1950s [1] [2] [3] , when the buildup of tritium stockpile for hydrogen bombs led to a sufficient supply of 3 He from the tritium beta-decay. The recently recognized 3 He shortage, partly due to the desire to deploy a large number of neutron counters world-wide to detect concealed special nuclear materials such as plutonium and enriched uranium, has triggered parallel efforts in developing new detector technologies that do not rely on the 3 He(n, p) 3 H process for neutron detection.
Boron-10 ( 10 B) based neutron detectors are favorable choices for 3 He neutron counter replacement for several reasons. 10 B has a thermal neutron capture (absorption) cross section of 3843 barn [11] , 72% of that of 3 He.
The Q-value of 10 B(n, α) 7 Li reaction is 2.79 MeV. The total energy released during the 10 B neutron capture is only shared exclusively between the two charged particles α (1.78 MeV) and 7 Li (1.02 MeV) with a likelihood of 6%.
For the other 94% probability, a 0.48-MeV γ-ray photon is released, leaving 2.31 MeV to be shared between the α (1. Below we first descuss the design principles and constraints, followed by some details of the detector design and construction. Next, we describe detector operation, detector performance and compare the experimental results with the predictions using an analytical model. Further detector optimization options, such as film thickness, film texture, neutron moderation using high-density polyethylene etc, are also included. We conclude that the double-helix neutron detector technology is a high-performance, reliable, low-cost solution to the 3 He neutron-counter shortage problem.
Detector principles and design constraints
Design of an efficient fission neutron detector using solid forms of 10 B has to take several lengths into account: MeV neutron thermalization length, thermal neutron capture length or the neutron absorption mean free path (λ a ), α and 7 Li ranges (R i 's) in the solids of 10 B, and the ranges of α and 7 Li in gas. We used an existing high-density polyethylene (HDPE) neutron moderator box for 3 He in this work. It's possible that the efficiencies shown below could be improved further by optimizing the moderator box, but this study is left out here.
The thermal neutron λ a is 19.9 µm for the 10 B solid density of 2.17 g/cm 3 .
The charged particle ranges R i 's in 10 B are calculated using SRIM [12] , as shown in Table. 1. The smallest 7 Li range (R 3 ) is less than 10% of the λ a . The large differences between R i 's and λ a make a 'multi-layer' detector structure universal: an individual layer thickness (T 0 ) is a fraction of R i 's to allow α and 7 Li to escape from the 10 B layer and generate signals in the gas. The number of layers is a multiple of the product of two ratios, (λ a /R i )(R i /T 0 ), which easily exceeds 10 for efficient neutron detection. A total thickness of λ a only results in an efficiency of (1 − 1/e = 63%) even in the ideal case. A total thickness of 2λ a and 3λ a could result in significantly higher efficiencies of 86% and 95% respectively, at the price of doubling or tripling the number of layers. Therefore the goal of achieving an effective absorption length two to three times λ a is reasonable.
It is conceivable that the HDPE moderator box could reflect thermal neutrons back and forth through the boron layers a few times, effectively increasing the neutron absorption length without the actual increase in the number of layers. Such 'multiple pass effects' deserve further investigation.
In 2-bar 3 He counters, since the thermal neutron absorption mean free path is 3.5 cm, which is less than the diameter of a 2" tube, multiple pass effects are less critical, in particular for neutrons do not enter the detector exactly along the radial directions. Ion Energy Probability Range Since boron is not a semiconductor at room temperature by itself, the alternatives of using semiconductors for α and 7 Li detection might not be as attractive as they appear. In 10 B doped p-type silicon detectors, for example, typical doping concentration ranges from 10 15 to 10 18 cm −3 , which are even less than the 10 B concentration in 10 BF 3 gas under the 1-bar standard condition. Correspondingly, λ a is at least 2 m, which is impractically large for a semiconductor detector. Yet another alternative is to reduce λ a by ∼ a factor of two by operating neutron moderators at the liquid nitrogen temperature of 77 K, but the introduction of cryogens could offset the benefits by slowing down neutron to a fraction of the thermal velocity.
Here, we use aluminum plates as the substrates for 10 B powder coating. The 0.1" thickness of the aluminum plates, chosen partly for structural steadiness, well exceeds the ranges of α and 7 Li. Therefore only one of the charged particles (α or 7 Li, but not simulatenously) is used for electron-ion pair production in gas. The other one is lost to the substrate due to momentum conservation. The need for both high neutron detection efficiency and gamma-ray signal rejection has given rise to several challenges: a.) Large surface area; b.) Film thickness control; c.) Electrical and micro-phonic noise rejection; d.) Background rejection (gammas and cosmic rays); and last but not the least e.) The detector cost.
Detector design and construction
The concept of 10 B neutron detector using boron powder was reported previously [7] . Here we describe a large-area rectangular proportional neutron counter. The same multi-layer detector core is shown in Fig. 1 
Results and discussion
We use commercial pre-amplifiers (ORTEC 142 PC), shaping amplifiers 
γ-ray and background sensitivity
A preliminary γ/background-sensitivity study is summarized in Fig. 4 , using 8 pieces of U-238 bricks in contact with the HDPE moderator box.
The dose was measured to be about 4 mR. A substantial rise by about 10× in small amplitude non-neutron signals is observed. The fraction of neutron signal loss is about 9.8% when raising the discrimination threshold from 100 mV to 200 mV. Additional γ-sensitivity studies using a more standard setting and sources are being arranged. 
Stable performance over time

A theoretical model for PHS
The energies deposited by α and 7 Li nuclei in the CF 4 gas give rise to PHS.
Neglecting the energy straggling, which can be accounted for using a vari- able gaussian function as shown below, there is a one-to-one correspondence between the energy deposition and the distance (x) a nucleus traversing in
, with E i 0 being the initial kinetic energies of α or 7 Li, as summarized in Table. 1.
An observed pulse height spectrum (dn/dE) as in Fig. 3 to Fig. 5 is a sum of contributions from α and 7 Li ions, each with two different initial energies due to the branching ratios,
in which w i are listed in Table. 1. The symbol ⊗ stands for the convolution with an instrumental function f (E, E ) = f (E − E ), which only depends on the differences between two energies in PHS and can be approximated by a normalized gaussian with an pulse-height-dependent width σ E [13] ,
The first term accounts for thermal, electronics and other energy (pulse height)-independent broadening. The second term, which is energy dependent, accounts for energy straggling. There is no difficulty to extend the theoretical frame work to more complicated instrumental functions such as a skewed gaussian. We use Eq. (2) here and throughout that captures the essential physics without sacrificing algebraic simplicity.
The partial spectrum for each species, dn i /dE, is given by
which is a ratio of a geometrical factor dn i /dx to dE/dx, the stopping power of ions in a 10 B film. dE/dx is obtained from SRIM. For a uniform thin film of thickness T 0 , as illustrated in Fig. 6 and an ensemble of neutrons at the same incident angle ω, the average geometrical factor dn i /dx for each neutron is derived analytically to be
withR x = min(x,T 0 ), the smaller value of the distance an ion travels in the film and the film thickness T 0 . The factor of 1/2 is due to the 50% charge loss to the substrate, the same factor automatically avoids double counting of α and 7 Li in a neutron capture event. Herex,T 0 andR x symbolize the corresponding lengths of x, R x and T 0 normalized to λ a cos ω. The geometrical factors dn i /dx as given by Eq. (4) are plotted for several film thicknesses in Fig. 7 for α at 1470 keV and Fig. 8 for 7 Li at 840 keV. The angle of incidence ω = 0. Both α and 7 Li show a similar dependence on the film thickness. When the film is too thick, 4 µm for α and 2 µm for 7 Li, the dn i /dx distribution does not change, although in practice neutron detection efficiency decreases as the film becomes thicker since neutron captures deep in the film are not recorded. For thinner films, dn i /dx due to higher energies is the same as in the thick film limit, the lower energy tail gets smaller as the film becomes thinner. It's not surprising that thinner films are better for both higher neutron efficiency and γ/background discrimination. It's not necessary to go to nanometer thicknesses in practice however, both to avoid an impractically large number of layers and to reduce γ-sensitivity from the substrate. 
Comparisons between the theory and experiment
We combine the analytical geometrical factor, Eq. (4), with SRIM calculations for dE/dx and the variable-width gaussian instrumental function to generate dn/dE as given by Eq. (1). The theoretical results for three different film thicknesses, 0.35 µm, 0.9 µm and 2 µm, along with an experimental spectrum, are shown in Fig. 9 . The 0.9 µm model best fits the experimental data, although there are apparent disagreements among the details. The 
Multiple layer effects reduce the average single-layer thermal neutron detection efficiency by 10 to 20%. Similarly, one obtains the desirable film thickness for a certain target charge collection efficiency, as illustrated in Table. 2 for at least 90% charge collection efficiency in each layer. The maximum allowed film thickness, determined by the least energetic 7 Li at 840 keV, is about 0.4 µm, or half the values used in the experiment. between the experiment and theory is for T 0 = 0.9 µm. 
0.84 0.4 22% 7 Li (4) 1.02 0.6 29%
It should be mentioned that thus far our analysis has assumed ω = 0, or normal neutron incidence. This is justified by Fig. 10 , which shows that the potential benefits of larger angles of incidence with a fixed discrimination threshold. The benefit is insignificant until the incident angles exceed 85 degrees, which account for less than a few percent of the total neutron population expected. 
Powder size and film texture
A microscopic image of the powder used and of a powder coating on a detector substrate are shown in Fig. 11 . The large dispersion of the powder sizes, ranging from sub-µm to about 10 µm, is consistent with the supplier specifications. The texture of the powder coating on the detector surface is far away from being a text-book smooth surface on the length scale that is comparable to the ion ranges in 10 B or the nominal film thicknesses, as assumed above. The implications of such complex texture for neutron detection shall be left for further studies. We only point out here that a.) The ideal thin film, a thin slab with a uniform thickness T 0 , is not the geometry to achieve the largest surface area; and b.) How artificial surface textures could be used to significantly increase the surface area, thus allowing more 10 B on a fixed surface and maximizing the efficiency without resorting to too many surfaces. and the corresponding footprint [right] . By replacing conventional slab films with threedimensional micron-size objects as tiles, 1.5 to 3 times as much surface area as a slab film can be achieved. This approach if can be demonstrated experimentally, could relax the reliance on using too large number of surfaces for high neutron detection efficiency.
Conclusions
We have experimentally demonstrated a large-area (9 in × 36 in) neutron detector that combines a double-helix electrode configuration with a 10 B powder coating technique. The neutron detection efficiency for each of the four prototypes is comparable to a single 2-bar 3 He drift tube of the same length (36 in). One unit has been operational continuously for 18 months and the change of efficiency is less than 1%. Another unit, which was turned off for the same period, does not show any significant change in the efficiency either. A 4-mR γ/background test indicates the need for raising the pulse height discrimination threshold, leading to a reduction of efficiency by about 10%. An analytic model for pulse heigh spectra is described and the predicted mean film thickness agrees with the experiment to within 30%.
Further detector optimization is possible through film thickness, film texture, power size, moderator box and gas. The cost of each detector, including raw material, fabrication, and labor, is expected to be less than US$ 3k.
